Astrocyte heterogeneity remains largely unknown in the CNS due to lack of specific astroglial markers. In this study, molecular identity of in vivo astrocytes was characterized in BAC ALDH1L1 and BAC GLT1 eGFP promoter reporter transgenic mice. ALDH1L1 promoter is selectively activated in adult cortical and spinal cord astrocytes, indicated by the overlap of eGFP expression with ALDH1L1 and GFAP, but not with NeuN, APC, Olig2, IbaI, PDGFRa immunoreactivity in BAC ALDH1L1 eGFP reporter mice. Interestingly, ALDH1L1 expression levels (protein, mRNA, and promoter activity) in spinal cord were selectively decreased during postnatal maturation. In contrast, its expression was up-regulated in reactive astrocytes in both acute neural injury and chronic neurodegenerative (G93A mutant SOD1) conditions, similar to GFAP, but opposite of GLT1. ALDH1L1 1 and GLT1 1 cells isolated through fluorescence activated cell sorting (FACS) from BAC ALDH1L1 and BAC GLT1 eGFP mice share a highly similar gene expression profile, suggesting ALDH1L1 and GLT1 are coexpressed in the same population of astrocytes. This observation was further supported by overlap of the eGFP driven by the ALDH1L1 genomic promoter and the tdTomato driven by a 8.3kb EAAT2 promoter fragment in astrocytes of BAC ALDH1L1 eGFP X EAAT2-tdTomato mice. These studies support ALDH1L1 as a general CNS astroglial marker and investigated astrocyte heterogeneity in the CNS by comparing the molecular identity of the ALDH1L1 1 and GLT1 1 astrocytes from astroglial reporter mice. These astroglial reporter mice provide useful in vivo tools for the molecular analysis of astrocytes in physiological and pathological conditions. V V C
INTRODUCTION
Astrocytes are the most abundant cells in the CNS, having the unique anatomical localization that bridges the blood vessel and neuronal synapses through their highly ramified processes. This unique anatomical localization allows astrocytes not only provide essential metabolic support to neurons, but also participate in the information processing by active modulation of neuronal/ synaptic activity in the CNS (Halassa et al., 2007) . In pathophysiological conditions, astrocytes undergo dramatic morphological and molecular changes that can cause potentially both beneficial and detrimental effects, depending upon the exact pathological context (Sofroniew, 2009) .
Although astrocytes are essential in normal CNS function and are involved in most neuropathological conditions, their molecular identity remains largely uncharacterized, partially due to insufficient mature astrocyte specific markers, preventing investigation of astrocyte heterogeneity and detailed understanding of their functional interaction with local neighboring cells in the CNS. A number of proteins unique to astroglia have been identified including Glutamine Synthetase (GS), Excitatory Amino Acid Transporter 2 (EAAT2, rodent analog GLT1), Aquaporin 4, Connexin 43 (ctx43) (Kimelberg, 2009) . These proteins are primarily distributed at the membrane of astroglial processes, and thus it becomes impractical to clearly identify individual astrocytes by their immunostaining. Instead, immunostaining of glial fibrillary acidic protein (GFAP), an intermediate filament has been conventionally used to identify astrocytes in the CNS, though it only labels a limited number of astrocytes and their extensive processes in the CNS (Kimelberg, 2009) .
Recent studies on astroglial gene expression profiles have started to characterize the molecular identity of astrocytes in vivo (Lovatt et al., 2007) and identified aldehyde dehydrogenase 1 family, member L1 (ALDH1L1) as the new astroglial marker that also selectively labels cortical astrocytes in vivo (Cahoy et al., 2008) . ALDH1L1, also known as 10-formyltetrahydrofolate dehydrogenase (FDH), is a folate enzyme that converts 10-formyltetrahydrofolate (10-formyl-THF) to tetrahydrofolate, playing an important role in many reactions like de novo nucleotide biosynthesis and the regeneration of methionine, thus having a major impact on cell division and growth (Krupenko, 2009) . Unique functions of ALDH1L1 in the CNS have not been reported except a potential link to neural tube defects during early CNS development (Anthony and Heintz, 2007) . Alterations of ALDH1L1 in reactive astrocytes associated with neural injury or neurodegenerative disease are unknown.
A transgenic mouse that overexpress a fluorescence reporter driven by a cell-specific promoter, usually with the use of a bacteria artificial chromosome (BAC) clone has been demonstrated to be an effective way to selectively label CNS cells (Heintz, 2001) . In this study, expression specificity of ALDH1L1 was examined in BAC ALDH1L1 eGFP reporter mice (Doyle et al., 2008; Heiman et al., 2008) and compared against other known astroglial markers. Molecular property of ALDH1 1 and GLT1 1 astrocytes were also directly compared by employing transgenic reporter mice and whole genome transcriptome analysis. The expression change of ALDH1L1 in astrocytes in neurodegenerative/neural injury conditions is also characterized.
MATERIALS AND METHODS Animals
Wild type mice (C57/B6), SOD1 G93A transgenic mice, BAC GLT1 eGFP (previously generated in our lab) (Regan et al., 2007) , BAC NG2 DsRed (kind gift of Dr. Dwight Bergles, Department of Neuroscience, Johns Hopkins University), BAC ALDH1L1 eGFP mice (GENSAT project), GFAP eGFP mice (Jackson laboratory) were used for in vivo experiments. The care and treatment of animals in all procedures strictly followed the NIH Guide for the Care and Use of Laboratory Animals and the Guidelines for the Use of Animals in Neuroscience Research and the Johns Hopkins University IACUC. Mice were housed at standard temperature (21°C) and in a light controlled environment with ad libitum access to the food and water. BAC ALDH1L1 eGFP (and GFAP eGFP) mice were crossed with SOD1 G93A mice to obtain double transgenic mice. Littermates were used as control. Mice were sacrificed at designated time point following breeding or experiment. A 30-gauge needle was used to induce an acute lesion in the striatum.
Generation of the EAAT2-tdTomato
Transgenic Mice EAAT2-tdTomato transgenic mouse was generated by inserting the tdTomato reporter downstream of a 8.3kb EAAT2 promoter fragment. Multiple (4) founders were established following pronuclear injection at the transgenic core laboratory of Johns Hopkins University. The mice will be available upon request.
Primary Neuron and Astrocyte Cultures
Procedures used for culturing primary neuron and astrocytes were described before (Yang et al., 2009). Briefly, cortical astrocyte cultures were prepared from P2-4 wild type mouse pups and grown in DMEM supplemented with 10% heat-inactivated FBS and 1% of penicillin/streptomycin. Astrocytes were ready for experiments once confluent (5-7 DIV). No dbcAMP was added into the culture medium. For neuronal cultures, cortex was dissected out from E14-16 mouse embryos of wild type mice, cortical neurons were cultured in Neurobasal medium supplemented with N27, penicillin/streptomycin, and glutamine.
Immunohistochemistry and Microscopy
For immunohistochemistry, mice were perfused with 4% paraformaldehyde and brain/spinal cord tissue were collected and cryoprotected in 30% sucrose. Tissue sections (20 lm) were then prepared by cryostat sectioning and were treated with blocking buffer (0.4% BSA, 5% goat-serum, and 0.2% Triton-X 100 in PBS) for 30-60 min at room temperature. Primary antibodies for ALDH1L1 (NeuroMab), GFAP (Chemicon), APC (cc1 clone, Calbiochem), PDGFRa (BD Pharmingen), Iba1 (Wako), Olig2 (Millipore), and NeuN (Millipore) were incubated overnight at 4°C in blocking buffer. After rinse in PBS, anti-mouse Alexa 555 conjugated antibody was added for 90 min at room temperature. Cells labeled with either immunostain or transgenic reporters were manually counted in Axiovision from digital images taken by fluorescent microscopy. For some single cell analyses, mean fluorescence intensity (MFI) was determined. Typically, MFI measurements were based upon at least 4,000 cells/sample with a minimum of three mice for each experiment. Data was plotted in PRISM (GraphPad Software, Inc). One-way ANOVA (Bonferroni posthoc analysis) and Student's t-test were used for statistical analysis where appropriate (see figure legend for details).
Preparation of Cell Suspension and FAC Sorting of Astrocytes
Brains or spinal cords from BAC GLT1 eGFP or BAC ALDH1L1 eGFP transgenic reporter mice (age from P5-P130) were used. Mice were anesthetized with pentobarbital (50 mg/kg, i.p.), perfused with cold Hanks buffer (Invitrogen, Carlsbad, CA), and decapitated. The brain was immediately dissected in cold Hanks buffer containing glutamate receptor antagonists, 3 mM DNQX and 100 mM APV (Sigma, St. Louis, MO), and cut into small pieces. Cell suspension was prepared as described in the neural tissue dissociation kit (Miltenyi biotech, Auburn, CA). Briefly, small pieces of tissue were treated with papain enzymatic mix (37°C, 15 min) and then digested with DNase I (37°C, 10 min), followed by careful trituration. Cell mixtures were then filtered through a cell strainer (40-70 mm) and resuspended in cold HBSS solution (5-10 3 10 6 cells/ml) for FACS. The whole cell suspension procedure was completed in 1-2 h. Cells were sorted by using MoFlo MLS high speed cell sorter (Beckman coulter) with Summit version 4.3 software. Propidium iodide (PI) and eGFP were all excited by a 488-nm laser, and emissions were collected by 575/26 nm and 530/30 nm discrimination filters, respectively. The signals were manually compensated, and cells were sorted into cold HBSS. The whole procedure for cell suspension preparation and FAC sorting process was completed within 2-3 h.
RNA Isolation and QRT-PCR
Total RNA was prepared from brain or spinal cord tissue by using Absolutely RNA Miniprep Kit from Stratagene (Stratagene, La Jolla, CA). Total RNA were then converted to cDNA by using high archive cDNA synthesis kit (Applied Biosystems, Foster city, CA). The relative abundance of ALDH1L1 mRNA was determined by using a TaqMan premade ALDH1L1 probes (Applied Biosystems, Foster City, CA). Ribosomal 18s rRNA was used as endogenous control for the normalization of RNA quantity.
Western Blot Analysis
Primary cultures or tissue were lysed in a buffer containing 62.5 mM Tris, 2% SDS, 10% sucrose, and protease inhibitor cocktail (Roche). Homogenates were briefly sonicated and were incubated at 37°C for 30 min. The supernatants were separated by 4%-12% gradient PAGE gel and transferred to PVDF membrane. Blots were placed in blocking solution (5% nonfat milk in TBST) for 1 h at room temperature and then incubated with ALDH1L1 antibody (Neuromab) or b-actin antibody (Sigma) diluted in TBST overnight at 4°C. After extensive washing, the blots were incubated with horseradish peroxidase conjugated antibodies (Sigma) for 1 h and washed again. Immunoreactive bands were detected using the ECL procedure.
Microarray and Data Analysis
Total RNA was prepared from FAC sorted astrocytes. Total RNA was lineally amplified and labeled in a Nugene protocol. Sample labeling and hybridization with Mouse Exon 1.0 ST chips (Affymetrix) were performed in the Johns Hopkins University microarray facility. After hybridization, hybridization signals were acquired and normalized with the use of RMAexpress (http://rmaexpress.bmbolstad.com/). Data was further filtered to remove genes with signals less than 80 in all the samples to reduce the noise. Differential gene expression between the different conditions was assessed by statistical linear model analysis using the bioconductor package limma. The moderated t-statistic P-values derived from the limma analysis above were further adjusted for multiple testing by Benjamini and Hochberg's method to control false discovery rate (FDR). The FDR cutoff of <10% was used to obtain the list of differentially expressed genes.
RESULTS

ALDH1L1 Expression Is Selectively Decreased in
Adult Spinal Cord Astrocytes Through Transcriptional Inactivation of the ALDH1L1 Promoter ALDH1L1 expression has been suggested as being astroglia specific by immunostaining in young rodent tissue (Neymeyer et al., 1997) . In this study, ALDH1L1 mRNA levels in cortex and spinal cord were first examined at different postnatal age (P2, P30, P60, and P135). The mRNA levels of ALDH1L1 in cortex are only slightly decreased as the cortex matures. In contrast, the mRNA level in spinal cord is significantly decreased (Fig. 1A) . Interestingly, ALDH1L1 protein levels also show significant age-dependent decrease in the spinal cord, with the highest expression at the age of P2. To investigate whether the ALDH1L1 promoter becomes inactivated in spinal cord of mature mice, a BAC ALDH1L1 eGFP transgenic mouse line that overexpress eGFP driven by its full genomic promoter was employed for in situ assessment of the ALDH1L1 promoter activity by the eGFP intensity at the single cell level (Doyle et al., 2008; Heiman et al., 2008) . As shown in Figure 1C , eGFP expression is dramatically lower in astrocytes (indicated by white arrows) of the ventral horn of lumbar cord at the age of P135 than that of P20. Similar decrease was also found in other regions of spinal cord. Quantitative analysis through FACS of at least 4,000 spinal cord eGFP 1 cells per spinal cord showed a reduction of 8 fold in the mean fluorescence intensity (MFI) from P5 to P135, clearly indicating that ALDH1L1 promoter becomes inactivated in the spinal cord as the spinal cord matures, which is responsible for the loss of ALDH1L1 mRNA and protein loss. The loss of ALDH1L1 expression appears to be specific in the spinal cord, as its expression (mRNA, protein, and promoter activity) is not altered in other CNS regions.
ALDH1L1 Promoter Is Selectively Activated in Astrocytes in BAC ALDH1L1 eGFP Reporter Mice
A recent gene profile study from CNS cells identified ALDH1L1 as an astroglial specific marker in the CNS (Cahoy et al., 2008) . We first examined ALDH1L1 expression in cultured primary neurons and astrocytes. As shown in Figure 2A , ALDH1L1 protein is selectively expressed only in cultured astrocytes, not in cultures neurons. Relative purity of cultures was confirmed by known astroglial and neuronal marker GFAP and bIIItubulin, respectively. To fully characterize the expression pattern of ALDH1L1 in the CNS cells, cell type specific markers were immunostained on the brain and spinal cord sections of BAC ALDH1L1 eGFP mice. Transgenic mice that overexpress eGFP driven by a specific Bacteria Artificial Chromosome (BAC) clone, including ALDH1L1 (http://www.gensat.org), have been previously generated for cell type specific and predominant cell body labeling, as a result of cytoplasmic eGFP expression. Co-localization of eGFP expression with different cell type makers, including astroglial marker ALDH1L1, GFAP, oligodendrocyte lineage marker Olig2 and APC (cc1 clone), neuronal marker NeuN, NG2 cell marker PDGFRa, and microglial marker Iba1 was examined in brain and spinal cord sections of BAC ALDH1L1 mice at P25, P60, and P130. Representative images of immunostaining with individual cell-specific marker in cortex sections (P20) were shown in Figure 2B . Co-localization of ALDH1L1 and GFAP immunoreactivity was largely found in eGFP 1 cells (Fig. 2B I-II) . ALDH1L1 appeared to selectively label astroglia branches than the cell body (Supp. Info. Fig. 1B) . Occasional co-localization of eGFP expression with APC or Olig2 immunoreactivity was also observed (yellow arrows in Fig. 2B III-IV) . Quantitative analysis of the co-localization of eGFP expression with different cell-specific markers showed that eGFP 1 cells overlapped well with ALDH1L1 immunoreactivity (88.2 6 3.4%), and are predominantly GFAP 1 (91.3 6 1.9%) in the area when GFAP has abundant immunoreactivity. A small portion of eGFP 1 cells are APC 1 (3.6%) or Olig2 1 (4.3%). Overlap of eGFP with other cell type markers was essentially undetected. Magnified images with ALDH1L1, GFAP, APC, and Olig2 staining are shown in Supporting Information Figure 1 . In addition, no apparent overlap of eGFP driven by the ALDH1L1 promoter and the DsRed driven by the NG2 promoter was found in the BAC ALDH1L1 eGFP X BAC NG2 DsRed mice (Fig. 2B VIII) . The predominant co-localization pattern of eGFP expression with GFAP immunoreactivity but not other cell type markers are generally preserved in both brain and spinal cord tissue (Supp. Info. Fig. 1C ) of BAC ALDH1L1 eGFP mice at different age.
Molecular Comparisons of ALDH1L1
1 and GLT1
1
Cells in Astroglial Reporter Mice
The predominant astroglial expression of eGFP in BAC ALDH1L1 eGFP mice provides a new tool, together with the previously characterized astroglial BAC GLT1 eGFP reporter mice (Regan et al., 2007) , to compare the molecular identity of astrocytes in vivo. The overall eGFP expression intensity in BAC ALDH1L1 eGFP and BAC GLT1 eGFP was first compared through FACS and found that BAC GLT1 eGFP has a much higher mean flourescence intensity (MFI) than that in BAC ALDH1L1 in both spinal cord and brain at the age of P25 (Fig. 3A) , suggesting that GLT1 promoter may have a considerable higher activity than that of ALDH1L1 promoter in the CNS. ALDH1L1 1 cells and GLT1 1 cells were further isolated by FACS from brain of these two reporter mice at P30 and were subject to the whole genome expression profile analysis. As shown in Figure 3B , vast majority of genes have similar expression levels in both ALDH1L1 1 and GLT1 1 cells, suggesting that the molecular identity of ALDH1L1 1 and GLT1 1 cells are highly similar. The number of astrocyte-enriched genes that showed differential expression levels (twofold) between ALDH1L1 1 and GLT1 1 is very limited (less than 20 out of the 15,000 genes) and is summarized in Supporting Information Table 1 . In particular, both ALDH1L1 1 and GLT1 1 cells have a highly similar expression pattern of known astroglial genes (Lovatt et al., 2007) (Fig. 3C) , as well as the astrocyte-enriched genes from previous database (Supp. Info. Fig. 2 ), confirming that both ALDH1L1 1 and GLT1 1 cells share very similar astroglial identity. Genes that are co-expressed in ALDH1L1 1 and GLT1 1 cells were summarized in Supporting Information Table 2. In addition, the expression levels of GLT1 mRNA is 5-fold higher than that of ALDH1L1 mRNA, also indicating that GLT1 promoter activity is higher than that of ALDH1L1 (Fig. 3C) . On the other hand, GLT1
1 but not ALDH1L1 1 cells also express a subset of neuronal genes (Fig. 3D) , which is consistent to the previous observation that GLT1 promoter is also active in a small subset of hippocampal CA3 neurons (Regan et al., 2007) . In contrast, ALDH1L1 promoter activity is restricted to astrocytes. The whole genome gene expression analysis also indicates that neuronal and oligodendrocytic genes are not apparently expressed in ALDH1L1 1 cells. Previously generated astroglial reporter mice often employ eGFP as the fluorescent reporter, making it infeasible to examine the co-expression of different astroglial markers in the same astrocyte in vivo. Here we generated a new astroglial reporter mouse line that overexpress tdTomato fluorescence reporter driven by a 8.3-kb EAAT2 promoter fragment. This EAAT2-tdTomato transgenic mouse line showed selective and strong expression of tdTomato in many but not all astrocytes by crossing with the BAC GLT1 eGFP mice (80%, data not shown). Quantitative analysis showed that 76.2 6 6.7% of cortical astrocytes co-express both tdTomato and eGFP reporters and 23.8 6 6.7% of cortical astrocytes only express eGFP (Fig. 3G) , suggesting that ALDH1L1 and GLT1 are commonly co-expressed in the same astrocyte in the cortex. It was also observed, though very rarely, that some cells only express tdTomato, not eGFP in cortex (<0.5%). Direct immunostaining of ALDH1L1 in the cortex of BAC GLT1 eGFP mice also showed a high percentage of overlap (>90%, Supp. Info. Fig. 2) . In spinal cord, tdTomato and eGFP reporters are also co-expressed in the majority of the cells (82.2 6 3.6%) with a small percentage of cells only expressing tdTomato or eGFP (6.8 6 0.5% and 11 6 3.1%, respectively). Expression of tdTomato is not restricted to the cell body, but also localized to the distal fine processes of astrocytes, visualized as morphology typical of protoplasmic astrocytes (Fig. 3F) .
Expression Change of ALDH1L1 in Spinal Cord
Astrocytes in SOD1 G93A Transgenic Mice
Astroglial genes undergo dramatic expression changes in pathological conditions, such as the strong up-regulation of GFAP in reactive astrocytes in neurological dis- Representative images from P25 cortex sections were shown. Scale bar, 50 lm C, Quantitative analysis of the eGFP expression in major CNS cell types in BAC ALDH1L1 eGFP mice. Following immunostaining, Immunopositive cells and eGFP 1 cells were counted from three to five fields/slide for three to four slides per region of interest for three mice. ease or injury. As a newly identified astroglial specific gene, the expression change of ALDH1L1 in both acute lesion and chronic neurodegenerative conditions has not been explored. Total RNA was collected from lumbar cord of SOD1 G93A mice at both symptomatic and end stages. QRT-PCR results by using specific ALDH1L1 probe found that ALDH1L1 mRNA levels were up-regulated in the end stage but not in the symptomatic stage. 1 and GLT1 1 cells in astroglial reporter mice A, Quantitative comparison of the eGFP intensity by fluoscence activated cell analysis from brain and spinal cord cell preparation of BAC GLT1 eGFP and BAC ALDH1L1 eGFP mice at the age of P25. B, Scatter plot of whole genome gene expression profile in ALDH1L1 1 and GLT1 1 cells. Normalized expression signals from two duplicated exon arrays were averaged and presented in log 2 scale. Most differentially expressed genes were highlighted in red. C, Highly similar expression levels of known astroglial genes in ALDH1L1 1 and GLT1 1 cells D, Selective expression of a subset of neuronal genes in GLT1 1 but not in ALDH1L1 1 cells. h: ALDH1L1 1 cells; n: GLT1 1 cells E, Co-expression of eGFP and tdTomato reporters in protoplasmic cortical astrocytes in BAC ALDH1L1 eGFP X EAAT2-tdTomato mice. Scale bar, 50 lm F, Magnified view of the co-expression of eGFP and tdTomato reporter in the same protoplasmic cortical astrocyte in BAC ALDH1L1 eGFP X EAAT2-tdTomato mice. Scale bar, 20 lm G, Quantitative analysis of the co-expression of eGFP and tdTomato reporters in spinal cord and cortex of BAC ALDH1L1 eGFP X EAAT2-tdTomato mice. eGFP 1 and tdTomato 1 cells were counted from images of brain and spinal cord sections of BAC ALDH1L1 eGFP X EAAT2-tdTomato mice (three to five fields/slide for three to four slides per region of interest for three mice).
Consistent with the mRNA change, ALDH1L1 protein levels were also up-regulated in the end-stage lumbar cord of SOD1 G93A mice. To investigate the ALDH1L1 promoter activity change in the SOD1 G93A mice, BAC ALDH1L1 eGFP mice were crossed with SOD1 G93A mice. Microscopic analysis of the coronal sections of lumbar cord from BAC ALDH1L1 eGFP X SOD1 G93A mice found that ALDH1L1 promoter activity was up-regulated indicated by the dramatically increased eGFP fluorescence intensity in the reactive astrocytes of the ventral horn of lumbar cord. Similar increased eGFP intensity (and GFAP immunoreactivity) was also observed in reactive astrocytes in striatum of BAC ALDH1L1 eGFP 7d following needle-induced acute stab lesion (Supp. Info. Fig. 3 ). These results suggest that ALDH1L1 can serve as an additional marker for the reactive astrocytes in neurodegenerative/neural injury conditions. Interestingly, extensive overlap (16.1 6 2.0%) of eGFP expression with APC immunoreactivity (but not with NeuN, Iba1, or PDGFRa) was observed in the lumbar cord section of BAC ALDH1L1 eGFP X SOD1 G93A mice, though only occasional co-localization (1-3%) of eGFP expression and APC immunoreactivity was found in control lumbar cord of BAC ALDH1L1 eGFP mice. Similar observations were found in lumbar cord of GFAP eGFP X SOD1 G93A mice (Supp. Info. Fig. 4 ).
The increased overlap of eGFP expression with APC immunostaining could indicate a possible loss of the mature astrocyte status in this pathological condition.
DISCUSSION
In this study we report on several new tools to investigate astroglial heterogeneity in normal and diseased brain. We found that ALDH1L1 is primarily and selectively expressed in cortical and spinal cord astrocytes. We noted rare expression of Olig2 1 or APC 1 cells in eGFP 1 cells in the BAC ALDH1L1 eGFP transgenic mouse (see Fig. 2 ). Although Olig2 is generally considered a marker of oligodendrocyte linage, it is transiently expressed in gray and white matter astrocytes during early postnatal development, playing a crucial role for the proper postnatal development of white matter astrocytes (Marshall et al., 2005) . Olig2 can also direct astrocyte formation from Subventricular Zone (SVZ) cells (Cai et al., 2007) . The overlap of Olig2/APC and ALDH1L1 in astrocytes observed in the current study may suggest that these cells are a subpopulation of astroglial progenitor cells in postnatal brain. Because the whole genome expression analysis of ALDH1L1 1 cells reveal essentially no selective oligodendrocyte gene Fig. 4 . Expression change of ALDH1L1 in spinal cord astrocytes of SOD1 G93A transgenic mice A, QRT-PCR analysis of ALDH1L1 mRNA levels in lumbar cord of SOD1 G93A mice. Total RNA from lumbar spinal cord of SOD1 G93A mice at symptomatic and end stages was prepared (n 5 5-7) (Student's t-test, ***P < 0.001, mean 6 SEM). B, Upregulation of ALDH1L1 protein levels in lumbar cord of end-stage SOD1 G93A mice (n 5 3-4). C, Increased ALDH1L1 promoter activity indicated by eGFP fluorescence intensity in reactive astrocytes of ventral horn of lumbar cord in BAC ALDH1L1 eGFP X SOD1 G93A mice. Inset: GFAP immunostaining. Scale bar, 50 lm D, Increased APC staining in astrocytes of lumbar cord of end-stage BAC ALDH1L1 eGFP X SOD1 G93A mice. Red arrows: ALDH1 1 astrocytes; Yellow arrows: APC 1 cells. Scale bar, 20 lm. E, Quantitative analysis of the overlap of APC immunoreactivity with eGFP reporter in astrocytes from lumbar spinal cord of end stage BAC ALDH1L1 eGFP X SOD1 G93A mice. Cells were counted from two to four fields/slide for six to seven slides cord for three mice. expression, it is unlikely that the ALDH1L1 promoter is normally activated in oligodendrocytes.
By using these astroglial reporter mice, the molecular identity of astrocytes labeled with different markers, namely, ALDH1L1 or GLT1, was directly compared, as a first attempt to investigate the molecular differences of heterogeneous astrocytes in the CNS. Our results indicated that ALDH1L1 and GLT1 appear to co-express in the same population of astrocytes in both cortex and spinal cord (see Fig. 3) . Surprisingly, ALDH1L1 expression levels are selectively and very significantly decreased in mature spinal cord, posting a potential concern for its use as a marker of spinal cord astrocytes in older rodents, especially in normal physiological conditions (see Fig. 1 ). On the other hand, its expression (mRNA, protein, and promoter activity) is up-regulated, similar to the expression changes of GFAP, in acute and chronic pathological conditions (see Fig. 4 ). As ALDH1L1 is a key enzyme in folate metabolism which is important in nucleotide biosynthesis and cell division (Krupenko, 2009 ), its expression change in spinal cord during postnatal maturation and pathological conditions may reflect the changing demands for nucleotides in astrocytes and potentially may regulate the astrocyte division and growth in these conditions. Interestingly, we observed the significant overlap of eGFP expression with APC immunoreactivity in the ventral horn of lumbar cord of end-stage BAC ALDH1L1 eGFP X SOD1 G93A and GFAP eGFP X SOD1 G93A mice. Because APC (cc1 clone) specifically labels oligodendrocytes, the overlap may indicate that some reactive astrocytes may lose their fully differentiated status. Conversion of a mature astrocyte status into stem-cell like cells was also found previously in an injury condition by genetic fate mapping and cell-type specific viral targeting technique (Buffo et al., 2008) . Further genetic fate mapping experiments will be needed to elucidate the change of mature astrocyte status in SOD1 G93A mice.
In addition, an astroglial transgenic reporter mouse that overexpresses a tdTomato reporter driven by a 8.3-kb EAAT2 promoter fragment was generated, which selectively labels the majority (70-80%) of astrocytes, suggesting that this 8.3-kb EAAT2 promoter is sufficient to drive a strong and selective expression of a gene of interest in astrocytes. On the other hand, the incomplete labeling of a subset of astrocytes in vivo in these transgenic mice also indicates other regulatory mechanisms are operative in controlling GLT1 astroglial expression. Epigenetic regulation of GLT1, through DNA methylation, is an additional mechanism recently shown to regulate the GLT1 promoter activity (Yang et al., 2010) . Microscopic visualization of process morphology of astrocytes in this mouse could provide a detailed analysis of astrocyte changes in various physiological and pathological conditions.
Taken together, we provide a comparative analysis of two unique astroglial reporters in vivo, employing BAC ALDH1L1 eGFP and EAAT2-tdTomato transgenic mice. Using these tools we were able to perform a comparative analysis of the molecular properties of astrocytes collected from these astroglial reporter mice. Both of these astroglia reporter mice will be useful in vivo tools to study the molecular and morphological properties of astrocytes in different physiological and pathological conditions.
ACKNOWLEDGMENTS
The work is dedicated to the memory of Johns Hopkins undergraduate Miriam Frankl.
